Quantitative and objective methods to evaluate the morphology of the reconstructed breast may help plastic surgeons improve their surgical practice, and thus ultimately help breast cancer survivors derive the intended psychosocial benefits of reconstruction. Recently, we developed a quantitative and objective way to measure the curvature of the breast on standard clinical photographs. Here we conduct a more-in depth analysis of breast curvature using 3D images of the human torso. The analysis is based on the catenary curve, which is a perfectly flexible and inextensible string of uniform density supported by two distinct points. In this study, we used our curvature measure to study the upper and lower curvature of the breasts (breast curvature) of 9 patients who underwent breast reconstruction surgery. Breast reconstruction was performed using the autologous flap in 4 patients (5 breasts) and a tissue expander/implant (TE/Implant) in 5 patients (6 breasts). To assess the breast curvature, the outlines of the upper and lower breast were first obtained from coronal sectional views that are created from multiple parallel planes to the chest wall, which are spaced about 1 cm apart from each other. Then the curvature measure was extracted from the catenary contours fitted on the resulting outline of each sectional view. Our data show that breast curvatures of the upper and lower breast mound vary from the most anterior part of the breast mound to the chest wall. Moreover, our data suggest possible trends on the upper and lower breast curvature for different reconstruction types. For example, the opposite relationship was found between the upper and lower breast curvature for autologous and TE/Implant reconstructed breasts. In this study, we demonstrated a breast curvature measure for evaluating the outcome of breast reconstruction, especially for the curvature of the upper and lower breast mounds, based on 3D torso images of patients.
Introduction
Breast cancer is the one of the most common types of cancer for women residing in U.S. The estimated number of new cases of breast cancer in the U.S. in 2012 is 226,870 [1] . Fortunately, the death rate due to breast cancer has been decreasing since late 1980s thanks to improved early detection techniques and cancer treatments such as medical adjuvant and neo-adjuvant therapies. Since then, there is increasing emphasis on the quality of life of breast cancer survivors. In this respect, the goal of the breast reconstruction is to provide breast cancer survivors a breast form that is satisfying to them to aid in their psychosocially adjustment.
Until recently, the evaluation of breast reconstruction aesthetic outcomes was solely dependent on the surgeon's qualitative and subjective assessment of the shape of the reconstructed breast. Quantitative and objective methods to evaluate the morphology of the reconstructed breast may help plastic surgeons improve their surgical practice, and thus ultimately help breast cancer survivors derive the intended psychosocial benefits of reconstruction.
Three-dimensional (3D) imaging of the breast has drawn much attention in the field of plastic and reconstructive surgery in the last decade, due to its ability to allow users to evaluate the entire exposed skin surface area of the breast (except in patients with significant ptosis) in real units (e.g., in mm).
Many previous studies [2] [3] [4] [5] [6] [7] utilized 3D imaging technique for assessing the breast morphology. However, the analyses of those previous studies were limited to: 1) simple breast volume difference, or 2) asymmetry by superimposing one breast image over another. To the best of our knowledge, no study has analyzed the curvature of the breast mound using the 3D torso images of women. Kawale et al. [7] evaluated the influence of subject's pose (arms-rest pose vs. hands-on-hip pose) during 3D image acquisition on the asymmetry of the breast morphology. Losken et al. [2] assessed the asymmetry of the breast of women without history of breast cancer using 3D images of their torso.
They divided the subject's torso image into left and right halves using the midline of the subject's torso and assessed the asymmetry by computing the root mean squared error between them by mirroring the left half to the right half. In the study of Galdino et al. [3] , the authors reported 5 case studies in which they evaluated the morphology of the breast using 3D imaging after various types of breast surgery including breast reconstruction. They reported the change of the breast shape using quantitative measures such as the vertical surface distance between the nipple and the inframammary fold and the volume of the breast. In addition, Isogai et al. [5] quantitatively compared the shape of post-reconstructed breast of patients who underwent unilateral breast reconstruction to that of the natural breast of the same patient using Moire patterns on the patient's 3D torso image. Moreover, Nahabedian and Galdino [4] utilized 3D imaging technique to compute the volume of the reconstructed breasts. In the study of Tepper et al. [6] , the asymmetry of the breasts of patients who underwent unilateral Tissue Expander (TE)/Implant reconstruction was evaluated using the 3D torso image of the patients.
Recently, we developed a quantitative and objective way to measure the curvature of the breast on standard clinical photographs [8] . The measure can be easily extended to 3D surface images of patients. In this study, we extended our curvature measure to evaluate the upper and lower curvature of the breasts (breast curvature) of 9 patients who underwent breast reconstruction surgery at The University of Texas MD Anderson Cancer Center. 
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Materials and Methods
Dataset
The study population for this paper consists of women aged 21 or older who underwent or were scheduled for breast reconstruction surgery from April 1, 2011 to June 31, 2011 at The University of Texas MD Anderson Cancer Center. A 3dMDTorso system (3dMD, Atlanta, GA) was used to obtain 3D images of torsos of 9 patients. Breast reconstruction was performed using the autologous flap in 4 patients (total 5 reconstructed breasts) and a tissue expander/implant (TE/Implant) in 5 patients (total 6 reconstructed breasts). Figure 1 shows examples of the 3D images used for this study. The summary information of study patients is given in Table 1 . Of 5 autologous flap reconstructed breasts, 2 were reconstructed with a Transverse Rectus Abdominis Muscle (TRAM) flap and 3 with a Deep Inferior Epigastric Perforators (DIEP) flap. Of 6 TE/Implant reconstructed breasts, 3 had undergone placement of a permanent implant and 3 were in the TE phase of the reconstruction. Among 3 reconstructed breasts in the implant phase, 2 were smooth round saline-filled implants and the other was smooth round silicone-filled implant. The saline-filled implants were undergoing over inflation of the implant by 15% of the manufacturers volume of the implant. Among the 3 breasts in the TE phase of reconstruction, 1 was over inflated by 33%, 1 by 75%, and 1 by 8% of the manufacturers volume of the TE. All 3D images are rotated 15 degree in the x-axis to compensate for the angle introduced during the image acquisition stage, which is due to the configuration of cameras of 3dMDTorso system. 
Obtaining concentric upper and lower breast curvature
In this study, we conducted a preliminary analysis of the curvature of the upper and lower breast. The analysis is based on the rotated catenary curve [8] , which can be expressed as follows
where b and c are the offset of the x-axis and y-axis, respectively, and s is a free parameter for the catenary curve, where its range governs the evolvement of the curve. Moreover, α is the ratio of the tension to the weight applied to each point on the curve. The shape of catenary is determined by α, which is the curvature measure. A rotation parameter θ is introduced to capture the natural angle of the breast contour to the imaginary horizontal line. This angle is formed due to the shape of a person's chest wall and the weight of the breast. Figure 2 shows how α, s, and θ govern the shape of the rotated catenary curve. As equation (1) and Figure 2 indicate, there is an inverse relationship between the value of α and the curvature of the curve; the curvature value of the curve decreases as α increases and vice versa.
To assess the breast curvature of the upper and lower breast mound, the outlines of the upper and lower breast were first obtained from coronal sectional views that are created from multiple parallel planes to the patient's chest wall, which are spaced about 1 cm apart from each other where it starts from the most anterior part of the reconstructed breast (i.e., the farthest point of the reconstructed breast from the coronal plane). We used the most anterior part of the breast mound as a starting point for the parallel planes since the nipple is typically missing in the process of the reconstruction unless patients underwent nipple-sparing mastectomy. Figure 3 .A depicts concentric breast contours of a breast mound that are obtained from each sectional view. 
Once the sectional views of the breast mound are obtained, obtaining the curvature of the upper and lower breast mound is straightforward. We first obtain the mathematical centroid of the breast outline on each sectional view. Using the location of the obtained centroid, the breast outline is divided horizontally, which results in upper and lower concentric contours (Figure 3.A) . Then we extract the curvature measure α from the catenary contours fitted on the resulting upper and lower part of the breast outline. This is equivalent to solving the following equation,
where F denotes the catenary curve on each part of the ellipse, i.e., (1), and x and y represent the xand y-coordinates of the breast contour on the sectional view. Since the length of the breast outline on each sectional view is different from each other and varies across women, the different sets of ranges of s should be used. In our previous study [8] , we found that the catenary curve with s = [-1 1] and s = [-2.5 2.5] can be fitted to the breast contour of extremely small and large breast, respectively. Therefore, we selected [-1 1] and [-2.5 2.5] as the lower and upper bounds of the range of s, respectively. The bisection algorithm was used to find the appropriate range of s, which minimizes the error between the breast outline on the sectional view and the fitted catenary curve. In summary, we solved the following problem in the least square sense for both the upper and lower part of the ellipse on each sectional view,
where x i and y i are the coordinates of the ith point on the breast contour on the sectional view, and s i,j is the catenary point in jth sets of the range of s, corresponding to the location of [x i , y i ] T . The P j that minimizes (3) was set as a solution P. As a result, the catenary contours were arranged in a concentric fashion over the breast as shown in Figure 3 .B. Once the solution P is found, we can obtain the breast curvature measure α for each part of the ellipse in each sectional view. To compare the curvature measure values of different individuals, we normalized the curvature measure α by the length of the fitted curve. We denote the normalized version of the curvature measure as α'. All analyses related to the curvature of the breast mound were performed using the MATLAB v.7.12.0 (R2011a) (The Mathworks, Natick, MA).
In addition to the analysis on the upper and lower curvature of the reconstructed breast mounds, we computed the volume of the reconstructed breasts using software (3dMDpatient, 3dMD, Atlanta, GA) that is provided with the imaging system. A total of 4 points surrounding the breast were manually located to create a Coons Patch, which approximates the surface of the subject's chest wall. We used the anterior axillary line and the midline on the subject's torso to locate those 4 points. The locations of those points were vertically adjusted such that the Coons Patch included the breast mound ( Figure 4 ). Then, the program automatically computes the volume of the breast mound using the breast surface and the identified Coons Patch. Table 2 and Figure 5 summarize the upper and lower curvature values, and the computed breast volume for each study patient. The lower curvature value of patient 180 obtained from the sectional view at 3 cm was excluded from the study since the sectional view included part of the chest wall behind the breast mound.
Results
Our data show that breast curvatures of the upper and lower breast mound vary from the most anterior part of the breast mound to the chest wall. For autologous reconstructed breasts (DIEP and TRAM flaps), our data suggest that the lower breast mound is slightly more curved than the upper breast mound when the patient is in a standing position. For TE/Implant reconstructed breasts, an inverse relationship between the lower and upper breast mound was observed when the patient was in the standing position. Moreover, our measure suggests a possible difference in curvature between large and small autologous (abdominal based) reconstructed breasts. That is, the reconstructed breasts with large volume (in this case, TRAM reconstructed breasts) are more curved than the reconstructed breasts with relatively small volume (in this case, DIEP reconstructed breasts). 
Discussion
In this study, we demonstrated the usage of our curvature measure for evaluating the upper and lower curvature of the breasts of patients who underwent breast reconstructive surgery. The curvature measure was obtained by fitting a catenary curve on concentric breast contours from coronal sectional views that are created from multiple parallel planes to the patient's chest wall, which are spaced about 1 cm apart from each other. Our data suggest possible trends in the upper and lower breast curvature for different reconstruction types. For example, the opposite relationship was found between the upper and lower breast curvature for autologous (abdominal based) and TE/Implant reconstructed breasts.
In addition, we showed that the curvature of the reconstructed breast mound changes from the most anterior part of the breast mound to the chest wall. There was no simple pattern (either monotonically increasing or decreasing) identified for the upper and lower breast contours of the reconstructed breast mound. This is reasonable since the shape of the breast mound is different from one woman to another.
However, although we cannot conclude that it is statistically significant, the sectional breast curvature values of the breast mound of the patient who had (Patient study ID #174) bilateral reconstruction surgery with the same permanent implants are different from each other (Table 1 ). This curvature changes coincide with the difference on the computed volume (90cc difference, see Table 2 ). This is interesting since it is expected that the shape of implants with the same product ID (see Table 1 ) will be similar to each other. This difference may be due to the following reasons: 1) the shape difference of the left and right chest wall, 2) the thickness of the breast skin and subcutaneous tissue after mastectomy, 3) the existence of capsular contracture, and 4) the shape and location of the mastectomy scar.
The case example of the patient that underwent bilateral breast reconstruction with implants shows the difficulty of achieving symmetry and the necessity of using quantitative measures to assess breast morphology.
Future work building on this study will include conducting statistical analyses of the upper and lower breast curvature changes associated with: 1) different types of reconstruction techniques, 2) bilateral and unilateral reconstruction, and 3) natural and reconstructed breasts. From these future studies, we might be able to provide a more in depth understanding of the morphology of both natural and reconstructed breasts to surgeons.
In this study, we demonstrated a breast curvature measure for evaluating the outcome of breast reconstruction, especially for the curvature of the upper and lower curvatures of breast mounds, based on 3D torso images of patients.
